Cheetahs in captivity are frequently afflicted by chronic disease conditions that are rare in their free-ranging counterparts and in other felids. To date, clear pathophysiological mechanisms for some of these diseases have not been established. In order to better understand these conditions in this species, we have adopted a systems biology approach to cheetah metabolism, with the hope of generating new hypotheses for future research. As part of a comprehensive metabolome, we determine the serum (N = 42) and urine (N = 26) amino acid profiles of apparently healthy captive cheetahs, housed at the AfriCat Foundation in Namibia, using GC-MS and LC-MS-MS. A total of 36 serum and 38 urine amino acids were identified and quantified. Glutamine was detected in the serum at the highest mean concentration (1624 μmol/L) followed by alanine (771.9 μmol/L), arginine (669.8 μmol/L), and glycine (478.7 μmol/L). Serum glycine, hydroxyproline, prolylproline, proline, and serine concentrations declined significantly with age. Arginine was excreted at the highest mean concentration (740 μmol/L), followed by glutamine (437.1 μmol/L), alanine (397.1 μmol/L), and serine (331.1 μmol/L). The fractional excretion of cystine was by far the highest at 21.92%, followed by hydroxylysine (6.34%), proline-hydroxyproline (5.49%), and α-aminopimelic acid (4.89%). Both urinary glycine and prolinehydroxyproline concentrations decreased significantly with age. None of the serum or urine amino acid concentrations differed significantly between males and females. This study provides some foundational information on the serum and urine amino acid profiles of healthy captive cheetahs.
Introduction
In captivity, cheetahs are often afflicted by chronic disease conditions of the gastrointestinal tract, kidneys, and other organs that rarely affect their free-ranging counterparts or other felid species (Munson et al. 1999 (Munson et al. , 2005 . Low genetic heterogeneity, stress, lack of exercise, and nutritional factors have been suggested as possible underlying causes for these disorders, but clear evidence supporting such associations remains unclear. In order to better understand the pathophysiology of these conditions in this species, we have adopted a systems biology approach to cheetah metabolism, with the hope of generating new hypotheses for future research. To date, we have compared the serum fatty acid profiles of captive and free-ranging cheetahs (Tordiffe et al. 2016 ) and have documented the urine organic acid profiles of captive individuals (Tordiffe et al. 2017) . This approach has already led to several new avenues for future investigation.
The free serum amino acid pool is derived primarily from the digestion of endogenous proteins and peptides, absorbed into the circulation after being sloughed or secreted from the gastrointestinal tract; dietary protein digested and absorbed from the gastrointestinal tract; and intracellular protein turnover or degradation (Stipanuk and Caudill 2013) . Serum concentrations of amino acids appear to be tightly controlled by homeostatic mechanisms and remain fairly constant after initial postprandial fluctuations in healthy adult humans (Milsom et al. 1979) , but have been shown to vary significantly during growth, disease, and various catabolic conditions (Armstrong and Stave 1973; Blazer-Yost and Jezyk 1979; Hanssen et al. 1989; Chan et al. 2009; Azuma et al. 2012; Okame et al. 2015) . Serum or plasma amino acids are influenced by dietary protein and amino acid intake (Longenecker and Hause 1959; Hall et al. 2003) . Unlike other macronutrients, amino acids cannot be stored when provided in excess. Dietary amino acids can be synthesized into proteins, but these are only produced in quantities necessary for specific functions. Surplus amino acids therefore have to be metabolized and this has important implications in carnivores, where a significant proportion of the diet is made up of protein.
The pattern of urinary excretion of amino acids varies tremendously between different mammalian species (Datta and Harris 1952; Evered 1967) , but tends to be more uniform within a species (Albanese and Orto 2012) . Urinary amino acid concentrations are frequently evaluated in suspected cases of inborn errors of metabolism, where dramatic aminoacidurias are apparent. The excretion patterns are however more subtly affected by diet and age, while modified patterns of excretion have been documented in various disease states (Albanese and Orto 2012) .
Serum or plasma amino acid profiles have been reported in domestic kittens fed purified diets (Rogers and Morris 1979; Hargrove et al. 1988 ) and in adult cats fed commercial diets (Heinze et al. 2009 ). A single metabolomic study that included plasma amino acid quantification in domestic cats, only recently appeared in the literature (Deng et al. 2014) . Only limited serum and urinary amino acid profiles of non-domestic felid species have, to our knowledge, been reported (Datta and Harris 1952; Tordiffe et al. 2012) . A number of studies have focused on the excretion of felinine and isovalthine, two sulfur-containing amino acid excreted in the urine of a few felid species (Hendriks et al. 1995) . The biological significance of these sulfur amino acids remains unclear, but it is speculated that they may act as precursors to certain pheromones (Tarttelin et al. 1998) .
In order to develop a better understanding of the unique metabolic processes and nutritional requirements of these animals, we determined the serum and urine amino acid profiles of captive cheetahs in an untargeted fashion using gas chromatography mass spectrometry (GC-MS) and liquid chromatography tandem mass spectrometry (LC-MS-MS).
Materials and methods

Samples
Captive cheetahs, aged between 3 and 13 years, housed at the AfriCat Foundation in Namibia were immobilized via remote injection dart (Daninject, Denmark) with medetomidine hydrochloride (Medetomidine 20 mg/ml, Kyron Laboratories Pty LTD, South Africa) in combination with either zolazepam/tiletamine (Zoletil®, Virbac, South Africa) or midazolam (Midazolam 50 mg/ml, Kyron Laboratories Pty LTD, South Africa) and butorphanol (Butorphanol 50 mg/ml, Kyron Laboratories Pty LTD, South Africa), after being starved for 24 to 48 h. Blood samples were collected within 15 min of immobilization from 42 adult cheetahs (25 males and 17 females), while urine samples were available within the same time frame from 26 of these individuals (16 males and 10 females). These animals were housed in large enclosures (> 1000 m 2 ) covered by natural vegetation and fed a diet consisting primarily of donkey meat supplemented with a combination of vitamins and minerals (FeliCal® and FeliVit®, Kyron Laboratories, South Africa) .
The blood samples were collected aseptically from a jugular vein with a 20-ml syringe and 18-gauge needle. The blood was transferred into 6-ml BD Vacutainer® tubes (Becton, Dickinson and Company, South Africa) and allowed to clot for 40 min on ice. Samples were then centrifuged at 3500 rpm for 5 min; the serum was pipetted off into 1.8-ml Cryovials® (Thermo Scientific, South Africa) and immediately frozen at − 20°C.
Urine was collected by direct urethral catheterization using a 6-FG dog urinary catheter into a 20-ml syringe. After centrifugation at 3500 rpm for 5 min, the supernatant was placed into 1.8-ml Cryovials® (Thermo Scientific, South Africa, 1401) and immediately frozen at − 20°C. The samples were transported to the laboratory on dry ice and then kept frozen at − 80°C until analysis.
Urine creatinine, specific gravity, and fractional excretion
In the laboratory, urine was thawed and allowed to warm to room temperature. The urine creatinine concentrations were determined by an enzymatic method on an Indiko Clinical Chemistry Analyzer (Thermo Scientific, South Africa) using the manufacturer's kit and instructions. The urine specific gravity (SG) was measured with a hand held refractometer (RHC-200), calibrated with distilled water.
The fractional excretion of amino acids provides an indication of the degree of urinary excretion versus reabsorption relative to creatinine and in this study was calculated using the standard equation:
Fractional amino acid excretion
Urinary amino acid ½ x Serum creatinine ½ Urinary creatinine ½ x Serum amino acid ½ 
Reagents
Amino acid analysis using GC-MS
The gas chromatography-mass spectrometry analysis of the serum and urine amino acids was conducted on a Hewlett Packard HP6890 series GC system with an Agilent 5973N Mass selective detector fitted with an EI ion source, an Agilent Technologies 7683 autosampler and a 7683B injector. The GC system was fitted with a Phenomenex GC FocusLiner liner for HP, split/splitless, w/wool, single taper, 4 mm ID × 78.5 mm L × 6.3 mm OD (part number AG0 4680), and a Phenomenex Zebron EZ AAA amino acid GC column, 10 m × 0.25 mm × 0.25 μm (part number CG0 7169), and an Agilent Technologies gas clean filter system (part number CP17973). The serum and urine amino acid analyses are based on the methods prescribed in the EZ:faast ™ kit, with the following modifications. (1) Stable isotope amino acid standards (100 μl per sample) were added to ensure accurate quantification of the amino acids. (2) NaOH or HCl were added to the sample to adjust the pH to between 1.5 and 6. (3) The final step (drying of the samples and reconstitution with reagent 6) was omitted.
Helium was used as a carrier gas at a constant flow rate of 1.3 mL/s. Two microliters of the extracts was injected in Bsplitless^mode with a viscosity delay of 1 s and the injector set to 250°C. The oven was set to an initial temperature of 60°C for 1 min, and then increased to 110°C at 50°C/min, immediately followed by an increase to 185°C at 20°C/min, and then to 235°C at 25°C/min, and finally to 320°C at 30°C/min for 1 min. The MSD transfer line heater was set to 280°C, the MS source to 230°C, and the MS quadrupole to 150°C. Solvent delay was 3.00 min. EMV was set to a gain factor of 1.00. The MSD was set to scan from 40 to 500 m/z with a threshold of 150.
Standard range analysis, using the MSD ChemStation E02.00 software with a linear regression curve fit, was used to calibrate the identification and quantification of the amino acids. The results were exported to Microsoft Excel® for further analysis. Urine amino acid concentrations were corrected using urine specific gravity (SG) as described by Miller et al. (Miller et al. 2004) as follows:
The SGtarget is a population mean SG, which in this study is equal to 1.054.
Arginine and citrulline quantification using LC-MS/MS
Serum and urine arginine and citrulline were quantified using LC-MS/MS rather than GC-MS due to their thermal instability. The stable isotope mixture (410 μl) was pipetted into micro-centrifuge tubes to which 10 μl of serum or urine was added. The mixture was centrifuged at 13000g for 20 min after which the supernatant was pipetted into a clean microcentrifuge tube. The tubes were then placed in a nitrogen dryer at 65°C for approximately 45 min. Once dry, 200 μl 3 N buthanolic HCl was added and the tubes were then capped and placed in an incubator, set at 65°C for 15 min. The tubes were then placed in a nitrogen dryer for approximately 20 min, and once dry, 100 μl of the mobile phase (acetonitrile:water [50:50] with 1% acetic acid) was added. The samples were then transferred to GC vials for analysis.
Citrulline and arginine was analyzed on a Agilent 6420 Triple Quad MS-MS (in the ESI mode, Delta EMV = 500) linked to a Agilent 1260 HPLC. Citrulline-d4 and arginined4 were used as internal standards. Materials were prepared as described for acylcarnitine analysis with butanol/HCl as derivatization reagent. The butyl esters (5 μl) were injected with direct infusion. Citrulline and arginine analyses were performed as a precursor scan in positive ion mode. Q1 is set to scan a mass m/z 232.2236.2, 231.2, and 235.2 respectively for citrulline, citrulline-d4, arginine, and arginine-d4, while Q3 is set to determine product ion of m/z 70.1, 105.2, 70.1, and 74.3 respectively for the amino acids. The settings of the MS were as indicated in Table 1 . Source parameters: Gas temp 280°C, gas flow 7.5 l/min, nebulizer 28 (psi), capillary 3500 V
Statistical analysis
Variables in which more than 40% of the data points were zero were eliminated and not considered for analysis. As some cystine is reduced in urine to two cysteine molecules, the total cystine/cysteine was calculated as follows: Total cystine/cysteine = cystine [] + (cysteine []/2). Data was tested for normality using the D'Agostino and Pearson omnibus (K2) normality test. Spearman's rho correlation coefficients were used to evaluate the relationship between age and the various amino acid concentrations. Unpaired t tests or Mann-Whitney U tests were used for comparisons between amino acid concentrations and other parameters in males and females. All analyses were performed with GraphPad Prism version 6.05 for Windows (GraphPad Software, La Jolla, California, USA). All statistical tests were 2-tailed and significance was defined as p < 0.05 in all cases.
Results
A total of 36 serum amino acids were identified and quantified as shown in Table 2 . Glutamine was detected at the highest mean concentration (1624 μmol/L) followed by alanine (771.9 μmol/L), arginine (669.8 μmol/L), and glycine (478.7 μmol/L). None of the serum amino acid concentrations differed significantly between males and females. Glycine, hydroxyproline, prolylproline, proline, and serine serum concentrations declined significantly with age, but the negative correlations were relatively weak as shown in Fig. 1 .
Thirty-eight amino acids were identified and quantified in the cheetah urine samples, as shown in Table 3 . Arginine was excreted at the highest mean concentration (740 μmol/L), followed by glutamine (437.1 μ mol/L), alanine (397.1 μmol/L), and serine (331.1 μmol/L). As in the serum amino profiles, there were no significant differences in urine amino acid concentrations between male and female cheetahs. The fractional excretions (%FE) of the amino acids are shown in Table 4 . The mean %FE of cystine was by far the highest at 21.92%, followed by hydroxylysine (6.34%), prolinehydroxyproline (5.49%), α-aminopimelic acid (4.89%), β-alanine (4.05%), α-aminoadipic acid (3.98%), sarcosine (2.86%), cystathionine (2.41%), and glycine-proline (1.74%). The fractional excretion percentages of the remaining amino acids were all less than 1%.
Both urinary glycine and proline-hydroxyproline concentrations decreased significantly with age (r = − 0.50, p = 0.009 and r = − 0.41, p = 0.02 respectively) as shown in Fig. 2 . None of the serum and urine concentrations of individual amino acids correlated significantly with each other.
Discussion
Serum or plasma amino acid profiles of large felids have, to our knowledge, not been reported in the literature. Serum alanine, lysine, ornithine, and cystine values have been reported in a small number of caracals (Caracal caracal), and in all cases, the concentrations were lower than those of the cheetahs in the present study (Tordiffe et al. 2012) . With the exception of asparagine and threonine, the cheetah serum amino acid concentrations were also generally higher than plasma values reported in domestic cats (Heinze et al. 2009 ). Serum arginine and ornithine concentrations were substantially higher in cheetahs than in cats, with a 7.1-and 5.2-fold difference respectively. Alanine, glutamic acid, glutamine, hydroxyproline, lysine, tryptophan, and citrulline were approximately twice as high in cheetah serum.
In most carnivorous species, blood amino acid concentrations appear to be carefully regulated, but in the postprandial period and during longer periods of fasting (> 2 days), larger variations have been noted (Mustonen et al. 2005) . Arginine is considered an essential amino acid in carnivores as it is required in large quantities for conversion to ornithine, which in turn is required for ammonia detoxification in the urea cycle. Arginine is also required for creatine and nitric oxide synthesis (Tapiero et al. 2002) . In domestic cats, a single arginine-free meal is known to result in severe, potentially fatal hyperammonemia (Morris and Rogers 1978 ). It appears that cats have a limited ability to synthesize arginine de novo from glutamate and glutamine via citrulline and ornithine in the intestinal mucosa due to reduced activity of pyroline-5-carboxylate synthase and ornithine aminotransferase (Morris 2002) . Fortunately, arginine is replete in most animal tissues, and under normal dietary conditions, arginine deficiencies are unlikely to occur. Most large felids, like the cheetah, feed infrequently, consuming large quantities of food relative to their body size. It may therefore be necessary for large felids to maintain large serum arginine and or ornithine reserves to deal with the acute ammonia load resulting from such a large protein meal.
Five serum amino acid concentrations declined significantly relative to age in the cheetahs. These include serum glycine, serine, proline, prolylproline, and hydroxyproline. Similar negative correlations for urine glycine and prolinehydroxyproline relative to age were demonstrated. The concentrations of these amino acids in some of the 3-year-old cheetahs however appear to skew the data, and if the data points of these three animals are removed, then the correlations are no longer significant. The higher concentrations of these related metabolites in urine and serum samples are, however, interesting. Hydroxyproline is present almost exclusively in collagen and is not re-utilized for collagen synthesis once it is broken down. Urine excretion of both free and peptide-bound hydroxyproline is therefore thought to reflect the breakdown of mature collagen (Dull and Henneman 1963) . Both glycine and proline are also found at high concentrations in collagen. Urine hydroxyproline concentrations are often used to evaluate bone collagen metabolism in conditions like osteoporosis and osteomalacia (Delmas et al. 2000) . Since metabolic bone disease and nutritional secondary hyperparathyroidism are commonly diagnosed in young growing large felids, due to either reduced calcium intake and/or hypovitaminosis D (Fowler 1986) , it is possible that elevated hydroxyproline in these younger animals may result from subclinical nutritional deficiencies. At 3 years of age cheetahs are, however, sexually and skeletally mature and ideally serum and urine samples should be evaluated in younger animals that are still growing. Comparison of the urinary amino acid excretion profiles in cheetahs to those of other species is made difficult by the scarcity of studies in which quantitative urine amino acid data are reported, and by the fact that such studies generally report either 24-h excretion values or creatininecorrected values. The proportional amino acid excretion patterns, however, provide some information for comparison. In domestic dogs, alanine is the amino acid excreted at the highest concentration in urine, followed by aspartate, leucine, serine, lysine, and glycine (Hoppe et al. 1993) . In contrast, arginine was by far the most abundant amino acid in the cheetah urine at a mean concentration almost twice that of alanine. Other amino acids, ranking higher on the list compared to dogs included tryptophan and cystine. Felinine, the sulfur-containing amino acid frequently detected at high concentrations in domestic cats and other felid species (Hendriks et al. 1995) , was not detected in any of the cheetah samples. 3-Methylhistidine, detected at high concentration in domestic cat urine (Worden et al. 1960 ), was only found at moderate concentrations relative to some of the other amino acids in the cheetahs.
In healthy humans, more than 99% of the free amino acids are reabsorbed by the renal proximal tubules, resulting in fractional excretions of less than 1% of circulating amino acids (Albanese and Orto 2012) . In the immediate postprandial period, amino acid excretion increases dramatically, but returns to baseline levels approximately 5 h after a meal (McMenamy et al. 1960) . The fractional excretion of dipeptides and modified amino acids is generally higher than that of standard free amino acids (Silber and Porter 1949) , possibly due to the lack of dedicated renal tubular transport mechanisms for these molecules. In the cheetahs, the dibasic amino acid cystine had the highest fractional excretion of all the amino acids. The fractional excretion of cystine in cheetahs appears to be similar to those we previously recorded in healthy caracals (Tordiffe et al. 2012) . In wild felids, it is possible that only dedicated transmembrane transport mechanisms exist for cystine. It is likely that the high metabolic demands for cystine-for production of glutathione, taurine, co-enzyme A, and general protein synthesis in felids-are easily met by the methionine and serine provided in animal tissues. The relatively high urinary excretion of cystine, together with increased activity of hepatic cysteine dioxygenase, may therefore limit the risk of cystine toxicity in these animals (Stipanuk et al. 2006) .
A limitation of this study is that samples were collected from a single population of captive cheetahs that are fed a diet of horse or donkey meat. Ideally, samples should be evaluated from other captive facilities that feed different diets, as well as from free-ranging cheetahs. Nevertheless, this study provides some foundational information on the serum and urine amino acid profiles of healthy captive cheetahs. Further research on the dynamic changes in serum amino acids after a typical meal should be evaluated and studies on the impact of dietary differences on the amino acid profiles in this species are warranted. 
